This study devised a practical solution to mitigate urban inundation and artificial recharge of groundwater using recharge wells which is the most viable surface runoff rainwater harvesting (RWH) technique in urban areas. The Rainwater Harvesting Pilot Project at Gaddafi Stadium Lahore was established to deal with urban flooding, artificial recharge of groundwater, and to avoid the mixing of rainwater in municipal sewerage. The study showed that Lahore city has great RWH potential from critical ponding roads that can be utilized to recharge the Lahore aquifer. With that ratio of recharge, the groundwater level can rise to 3.54 ft after every monsoon period if the same recharge wells structure are used, which is a key to groundwater sustainability in Lahore city. Moreover, the maximum recharging capacity of wells was 29.32 m 3 /h with satisfactory performance. Both recharge wells cleared the ponding volume within 3 to 3.5 h after the rainfall stopped. The filter media performance was also favorable with 25%-30% removal of contamination. All the water quality parameters were within the permissible limit against prescribed standards except coliform count that indicated the presence of sewage. In such a case the mixing of charcoal is recommended to shut up the coliform signals. This study identified that RWH using recharge wells is an alternative freshwater supply source for sustainable development of Lahore city and this technique should be the part of Master Planning and Policy Decision of Lahore as a suggestion.
Introduction
Water and roads are the lifelines of socio-economic and sustainable developments in urban areas. When the roads remain inundated for many hours due to heavy storm events this leads to massive traffic jams. This chaos on the roads brings misery to socio-economic life. The global demographic trend shifting toward urban areas is resulting in the world water crisis, especially in cities. According to the UN-HABITAT report on rainwater harvesting and utilization, more than half of population is going to be urbanized by 2025 and it will be a significantly challenging task for water managers and policymakers to provide adequate and equitable water supply to meet societal needs [1] . These factors have pushed more efforts towards groundwater over-abstraction and exploitation due to its ubiquitous occurrence, easy availability, and reliability in urban areas. This overdraft of groundwater leads to a decline in groundwater level as well as a water shortage for urban dwellers [2] . For a case in point, Pakistan's big cities are facing such problems due to rapid population growth, along with urbanization, industrialization, agricultural intensification, and changing lifestyles. This increasing demand of population cannot be met with scare surface water, which resulted in increased groundwater source for recharging groundwater and a soft approach to deal with urban flooding, this study mainly is composed of surface runoff RWH system for flood mitigation in an urban catchment of Lahore. The main objectives of the study are utilization of the rainwater for groundwater recharge with other multipurpose activities, such as avoiding rainwater discharge in municipal sewers, devising policy for appropriate rainwater harvesting system in Lahore, studying and designing rainwater harvesting techniques (collection, storage, groundwater recharge) under varying local conditions, and finding out a solution to deal with ponding of rainwater in Lahore. To the best of our knowledge, this is the first study for surface runoff harvesting to mitigate flood inundation in Lahore city which will be helpful for policymakers and water managers. The workflow methodology comprised of (i) an overview of existing inundation condition of Lahore city, (ii) identification of ponding sites and inundation conditions during monsoon season, and (iii) estimation of RWH potential from roads runoff, (iv) pre-harvesting measures for the design of recharge well and harvesting rainwater, (v) post-harvesting measures, and (v) conclusions and recommendations.
Materials and Methods
This study devised a practical solution to mitigate the urban flooding and use of rainwater runoff for the recharge of groundwater in Lahore city. For this purpose, a straightforward methodology is proposed for the achievement of desired objectives.
After the overview of the existing inundation condition of Lahore city, the methodology moves towards identification of ponding sites. The identification of ponding sites was done based on available recorded information from Water and Sanitation Agency (WASA) Lahore and other related reports. Moreover, during the monsoon period, a field survey and interviews of local inhabitants were carried out to collect information about the existing drainage system, ponding depth and area, ponding time, WASA existing arrangements, and opinion/suggestions of area residents. The field survey helped to find out rainwater harvesting potential from main roads having critical ponding depth as discussed in Section 3.1. The second part of the methodology deals with rainwater harvesting utilization for artificial recharge of groundwater. The main write up consists of pre-and post-harvesting measures. Pre-harvesting measures are as follows: (i) analysis of groundwater mass balance of Lahore city, (ii) drinking water quality analysis, (iii) rainwater quality analysis, (iv) rainwater runoff estimation for mitigation of inundation, (v) filter media design and its performance analysis for RWH and (vi) design and installation of recharge well. Post-harvesting measures are related to performance evaluation of recharge wells based on recharge rate and ponding area clearance time, and water quality analysis of recharged water. The groundwater pumping and recharge data was collected from WASA, Lahore reports. Rainwater and drinking water samples were collected during the monsoon season and sent to Pakistan Council of Scientific and Industrial Research (PCSIR) and Pakistan Council of Research in Water Resources (PCRWR) scientific laboratories for analysis of Physico-Aesthetic Chemical and Microbiological analysis of samples. One-day maximum rainfall data was collected from Pakistan Meteorological Department (PMD) Lahore office for rainwater runoff estimation. The designing and construction of recharge wells were done under Rainwater Harvesting Pilot Project at Gaddafi Stadium Lahore on Engineering Procurement Construction (EPC) basis by Lahore Development Authority (LDA) and data were collected related to performance of recharge wells. The performance of the filter mechanism of recharge wells was evaluated by an experimental setup. A detailed description of every section is mentioned below.
Overview of the Existing Inundation Condition of Lahore City
Lahore is a provincial headquarter of Punjab province, having an estimated population of 11.13 million with total area of 1772 km 2 . Its catchment area received an average annual rainfall of 629 mm of which 74.7% (470 mm) occurred in the monsoon season. Generally, monsoon rainfall is the cause of runoff in urban and rural areas of the Lahore district. In order to cope with rainfall-runoff in urban areas, a comprehensive drainage network comprising main drains along with secondary and tertiary drains exists which mostly outfall in river Ravi. However, with population influx and enhanced construction activities, the drainage areas were deformed and only a few reaches of areas flow directly into the drains. Unfortunately, the influx of population in the surrounding areas finds convenient disposal of their sewage into these carriers. Accordingly, sewers load the drains throughout the year while stormwater flows are carried during the rainy season (three months) in a year. As such, the original stormwater drains have now become sewage drains. Under the existing conditions, the combined flows during dry and wet weather are drained from the hose connection in the streets up to the drain in the area. Additionally, it is observed that due to enormous construction activities the drainage areas may not fully tend to accept rainfall-runoff directly to the respective drain. Consequently, the fresh rainwater swaps over roofs, streets, parking lots, roads and paved areas and becomes part of sewage and drain as an extra load ( Figure 1a ) causing overflows of the sewerage and drainage system which directly (via pumping) or through a lift station is discharged into the drains (Figure 1b ). Their operation as a separate system of rainfall-runoff and sewage flows is only possible if the separate arrangements start at the consumer end, which is not the case under present conditions. convenient disposal of their sewage into these carriers. Accordingly, sewers load the drains throughout the year while stormwater flows are carried during the rainy season (three months) in a year. As such, the original stormwater drains have now become sewage drains. Under the existing conditions, the combined flows during dry and wet weather are drained from the hose connection in the streets up to the drain in the area. Additionally, it is observed that due to enormous construction activities the drainage areas may not fully tend to accept rainfall-runoff directly to the respective drain. Consequently, the fresh rainwater swaps over roofs, streets, parking lots, roads and paved areas and becomes part of sewage and drain as an extra load ( Figure 1a ) causing overflows of the sewerage and drainage system which directly (via pumping) or through a lift station is discharged into the drains (Figure 1b ). Their operation as a separate system of rainfall-runoff and sewage flows is only possible if the separate arrangements start at the consumer end, which is not the case under present conditions.
(a) (b) Stormwater drainage in densely populated areas of Lahore has been a major environmental hazard and civic problem. The situation becomes worst in the monsoon season which normally extends from July to September every year. The rainfall-runoff rushes along the roads towards the relatively lowlying areas and gets accumulated speedily to form ponding areas, where evacuation through surface drainage is not always possible. The impounded runoff is ultimately drained through the sewerage system provided by WASA in the area. These critically ponded areas are in the limelight during extreme events with inundation of large residential and commercial pockets within the city (Figure 2a ). The surface drainage system is inadequate to cater to this mass of water thereby further aggravating the situation. In the present situation, these ponding areas are drained through the existing system and take about 4 to 8 h to evacuate the area. This situation becomes problematic for the public movement and creates unwanted traffic hazards for hours ( Figure 2b ). Stormwater drainage in densely populated areas of Lahore has been a major environmental hazard and civic problem. The situation becomes worst in the monsoon season which normally extends from July to September every year. The rainfall-runoff rushes along the roads towards the relatively low-lying areas and gets accumulated speedily to form ponding areas, where evacuation through surface drainage is not always possible. The impounded runoff is ultimately drained through the sewerage system provided by WASA in the area. These critically ponded areas are in the limelight during extreme events with inundation of large residential and commercial pockets within the city (Figure 2a ). The surface drainage system is inadequate to cater to this mass of water thereby further aggravating the situation. In the present situation, these ponding areas are drained through the existing system and take about 4 to 8 h to evacuate the area. This situation becomes problematic for the public movement and creates unwanted traffic hazards for hours ( Figure 2b ). convenient disposal of their sewage into these carriers. Accordingly, sewers load the drains throughout the year while stormwater flows are carried during the rainy season (three months) in a year. As such, the original stormwater drains have now become sewage drains. Under the existing conditions, the combined flows during dry and wet weather are drained from the hose connection in the streets up to the drain in the area. Additionally, it is observed that due to enormous construction activities the drainage areas may not fully tend to accept rainfall-runoff directly to the respective drain. Consequently, the fresh rainwater swaps over roofs, streets, parking lots, roads and paved areas and becomes part of sewage and drain as an extra load ( Figure 1a ) causing overflows of the sewerage and drainage system which directly (via pumping) or through a lift station is discharged into the drains (Figure 1b ). Their operation as a separate system of rainfall-runoff and sewage flows is only possible if the separate arrangements start at the consumer end, which is not the case under present conditions. Stormwater drainage in densely populated areas of Lahore has been a major environmental hazard and civic problem. The situation becomes worst in the monsoon season which normally extends from July to September every year. The rainfall-runoff rushes along the roads towards the relatively lowlying areas and gets accumulated speedily to form ponding areas, where evacuation through surface drainage is not always possible. The impounded runoff is ultimately drained through the sewerage system provided by WASA in the area. These critically ponded areas are in the limelight during extreme events with inundation of large residential and commercial pockets within the city (Figure 2a ). The surface drainage system is inadequate to cater to this mass of water thereby further aggravating the situation. In the present situation, these ponding areas are drained through the existing system and take about 4 to 8 h to evacuate the area. This situation becomes problematic for the public movement and creates unwanted traffic hazards for hours ( Figure 2b ). 
Identification of Ponding Sites
Lahore city is still continuously ravaged by a series of urban flooding despite structural measures that have been implemented to counter this calamity. This is a grim reminder that man has not yet proven itself equal against the forces of nature. For the identification of ponding sites in urban localities, the initial information was collected from WASA Lahore. As per the WASA data record, there are in total 51 depressed locations that form ponding areas during rainfall, of which 28 had been treated to minimize the ponding time and 23 remaining locations are under consideration for rectification. However, from the survey conducted during the monsoon season, it is evident that there are numerous critical ponding locations in densely populated, commercial areas of Lahore which need rectification and proper solution for runoff harvesting. During the monsoon period, a survey was conducted, and 118 ponding locations were identified across the Lahore district ( Figure 3 ). Some of the ponding was very minor (2-3 inch) and ponding time is very small. In some of the ponding areas, the ponding time has been reduced after some remedial measures by WASA. Of the 118 ponding areas, 43 sites have a critical ponding location with ponding depth more than 3 inches. During the study, different main roads of Lahore were observed using Google Earth software. The longitudinal elevation profile ( Figure 4 ) with the difference in elevation of the depression areas were revealed through this technique. These depressed areas undergo flooding during heavy rainfall events as shown in Figure 5 . The longitudinal elevation profiles analysis became helpful for the verification of ponding depth at identified ponding locations.
localities, the initial information was collected from WASA Lahore. As per the WASA data record, there are in total 51 depressed locations that form ponding areas during rainfall, of which 28 had been treated to minimize the ponding time and 23 remaining locations are under consideration for rectification. However, from the survey conducted during the monsoon season, it is evident that there are numerous critical ponding locations in densely populated, commercial areas of Lahore which need rectification and proper solution for runoff harvesting. During the monsoon period, a survey was conducted, and 118 ponding locations were identified across the Lahore district ( Figure 3 ). Some of the ponding was very minor (2-3 inch) and ponding time is very small. In some of the ponding areas, the ponding time has been reduced after some remedial measures by WASA. Of the 118 ponding areas, 43 sites have a critical ponding location with ponding depth more than 3 inches. During the study, different main roads of Lahore were observed using Google Earth software. The longitudinal elevation profile ( Figure 4) with the difference in elevation of the depression areas were revealed through this technique. These depressed areas undergo flooding during heavy rainfall events as shown in Figure 5 . The longitudinal elevation profiles analysis became helpful for the verification of ponding depth at identified ponding locations.
A field survey of all identified ponding locations indicated that 25 ponding sites have a ponding depth more than 0.5 ft of which nine sites have a ponding depth up to 2 ft. The names are given as Based on field observation and interview with the inhabitants, the following major problems were addressed which cause the formation of ponding areas. (i) Inadequate capacity of sewer/drain, (ii) siltation of sewer/drain, (iii) no provision of drain/sewer, (iv) no provision of inlet, (v) depressions converging to a particular location, and (vi) topographic variation within the city areas as some of the areas (Lakshami, Tajpura) are in depression which form the ponding area. The major cause of the ponding area formation is unlevelled roads. In many places, the primary roads are elevated while the secondary and tertiary roads are in depression. The rainfall-runoff rushes to the depressed location and gets accumulated to form the ponding area which remains thereafter rains. Due to inadequacy of the existing drainage system, some of the depressed locations in thickly populated and commercial areas in Lahore have emerged as very critical points.
Estimation of RWH Potential
The estimation of RWH potential was done from critical ponding roads in this study. From 118 observed ponding locations, a total of 43 sites were separated by considering more than 3-inch ponding depth as a scrutinizing criterion. The detail about the inundation area and ponding depth of critical selected sites is shown in Table 1 .
Artificial Recharge of Groundwater
The capturing of rainfall runoff from the roads and creating artificial connectivity to groundwater in a hygienic manner is the key concept for designing the recharge wells of the RWH system. Artificial recharge is the process of infiltrating the rainwater into sub-surface by constructing civil structures such as recharge wells. The designing and construction of recharge wells was done by considering the following preliminary work.
Rainwater Runoff Estimation for Design of Recharge Wells
The peak rainwater runoff estimation was done using the US-SCS Curve Number (SCS-CN) method. Gaddafi Stadium ponding site was selected because of site suitability for construction of the recharge wells and one of the priority sites by WASA and LDA Lahore. The SCS-CN method required the following information about the selected site.
Maximum 24 h rainfall for 2-year design return period was calculated using Gumbel Extreme Value frequency distribution. The catchment area was demarcated using Google Earth and topography. Time of concentration (Tc) = 10 min was used for the design rainfall intensity. The composite CN was calculated based on land use type and hydrological soil group D. The SCS-CN is based on a water balance equation as given below. 
where; Q = runoff (inch); P = 24 h rainfall (inch); S = potential maximum retention after runoff begins (inch); Ia = initial abstraction before runoff begins (inch). The total number of required recharge wells to clean the ponding volume was calculated based on runoff volume collected at the ponding site and recharging rate of recharge wells. After prerequisite measures, two underground recharge wells along with silt trappers were constructed. The salient features of underground storage chamber and recharge well are given below.
4.
R.C.C. slabs at top of silt trappers with same concrete composition; size: length = 3 ft; width = 6 ft; depth = 4 inch.
5.
Reinforced cement concrete walls.
6.
Material at the bottom of chamber: the 1 ft thick fine gravel layer is covered with a 1 ft thick coarse gravel layer. The 2 ft thick uppermost boulder layer acts as rapid filter media. 7.
The foundation of chamber and silt trapper is started on the 6-inch-thick P.C.C (1:6:12) layer. 8.
A 12-inch diameter perforated fiberglass pipe with 1.5 mm slots into underground sandy strata up to 5 ft above water table. 9.
The rainwater runoff is directed toward silt trappers via open drains where it is required, and silt trappers are connected with 6-inch diameter pipes with a recharging chamber. 10. The minimum distance of 100 m between two wells is recommended and wells should be 100 ft away from the buildings; if not suitable then use 50 ft deep blind pipe in the borehole.
Results and Discussion

Rainwater Harvesting Potential
During the survey, along with ponding depth of critical ponding sites, the ponding areas were also demarcated. Using ponding depth (ft) and ponding area (ac), the RWH volume was calculated in ac-ft at each critical location as shown in Figure 6 . From Dyal Singh College Lakshmi Chowk, up to 26 ac-ft volume of runoff can be harvested, which is maximum from all ponding sites. It was calculated that almost 303.5 ac-ft volume of runoff from 43 critical ponding roads can be harvested. These sites have accumulated ponding depth of 25.6 ft, respectively. If considering 50% drainage factor and 20% losses along with constraints of site suitability for RWH, it was analyzed that still there is 30% volume of rainwater runoff that can be harvested and used for recharge of Lahore aquifer. With that ratio of recharge, the groundwater level can rise to 3.54 ft after every monsoon period, which is a key to groundwater sustainability in Lahore city. 
Results and Discussion
Rainwater Harvesting Potential
Rainwater Harvesting Utilization for Artificial Recharge of Groundwater
The rainwater runoff from roads collected in the ponding sites was used for artificial recharge of groundwater using recharge wells. For this purpose, a case study was performed in Gaddafi Stadium ponding area. This site was selected because of site suitability for construction of a recharge well, and also one of the priority sites under poundage according to WASA and LDA Lahore. Pre- Figure 6 . Rainwater harvesting potential from road runoff in the urban area of Lahore.
The rainwater runoff from roads collected in the ponding sites was used for artificial recharge of groundwater using recharge wells. For this purpose, a case study was performed in Gaddafi Stadium ponding area. This site was selected because of site suitability for construction of a recharge well, and also one of the priority sites under poundage according to WASA and LDA Lahore. Pre-harvesting and post-harvesting measures were kept in consideration for performing this case study. Pre-harvesting measures were comprised of rainwater quality analysis and rainwater runoff estimation for mitigation of inundation while post-harvesting measures were related to the performance evaluation of recharge wells based on recharge rate and water quality analysis of recharged water.
Analysis of Groundwater Mass Balance of Lahore City
The mass balance approach was utilized to determine the change in groundwater level due to recharge and discharge from the year 2003 to 2014. The average annual difference between recharge (2016 mcm) and discharge (2137 mcm) is 121 mcm (million cubic meters). This change in storage indicated that Lahore city is facing an alarming decline in the water table and the decrease rate is 0.39 m per annum. The continued increase in groundwater extractions has resulted in decreasing annual groundwater storage and declining of groundwater levels, as illustrated in Figure 7 . The mass balance approach was utilized to determine the change in groundwater level due to recharge and discharge from the year 2003 to 2014. The average annual difference between recharge (2016 mcm) and discharge (2137 mcm) is 121 mcm (million cubic meters). This change in storage indicated that Lahore city is facing an alarming decline in the water table and the decrease rate is 0.39 m per annum. The continued increase in groundwater extractions has resulted in decreasing annual groundwater storage and declining of groundwater levels, as illustrated in Figure 7 . 
Drinking water quality analysis
The examination of water quality is very important to assess the water in the study area for drinking purpose. Two samples of drinking water were collected from the tube well and motor pump in the vicinity of Gaddafi Stadium Lahore. The samples were sent to PCSIR scientific laboratory for the analysis of Physico-Chemical parameters. Testing results of samples showed that all the parameters were within the permissible limit of National Environmental Quality Standards (NEQS) and World Health Organization (WHO) having zero bacterial counts as shown in Table 2 . Results found that both samples of drinking water are safe for human consumption without any treatment. 
Drinking Water Quality Analysis
Rainwater Quality Analysis
Rainwater was used for recharging of groundwater, therefore it was considered necessary to maintain its quality. As most public health problems are related to contaminated water and hygiene customs, the access to good quality water is one of the most important factors to improve people's health and to protect human health. Therefore, water sources must be of good quality and protected from contamination. The rainwater samples were collected by a person who had proper training and adequate experience. The collection of rainwater samples was done from the inlet of the pit at 30 min for rainfall at Gaddafi Stadium ponding site and these samples were sent to PCSIR and PCRWR Scientific Laboratories for the Physico-Aesthetic Chemical and Microbiological analysis of rainwater samples. The test results of these laboratories are given below in Table 3 . Table 3 . Rainwater quality of collected samples at Gaddafi Stadium ponding site. The testing results of laboratories samples showed that all the parameters are within the permissible limit against different standards but the highlighted parameters (Total Coliform and Fecal Coliform (Escherichia. Coli)) are under the prescribed standard. The presence of coliform may be due to incorporation of air-borne microbes in the rainwater as it passes through the atmosphere and buildup of sediments and particulates as well as other elements from the catchment materials and other environmental factors which enhance the growth of microbes. Rainwater is a fresh source of water used for recharging groundwater, hence quality standards must be maintained. Rainwater unfortunately often does not meet the WHO water quality guidelines. This does not mean that the water is unsafe to use. It can be made for favorable use by adopting quality controls measures. To make the water for safe use and recharge in groundwater, chlorination and filtration processes may be adopted in the design of recharge wells. Moreover, the installation of bio-retention basins could be recommended to prevent contamination of the runoff from heavy metals.
Sr. No Water Quality Parameter Permissible Limits Results
When stormwater runoff is used in recharging systems, the vadose zone and in some cases the aquifer act as a natural filter that typically reduces the concentration of various pollutants due to physical, chemical, and microbiological processes. Suspended solids are filtered out; biodegradable organic compounds are decomposed; microorganisms are adsorbed, strained out, or die because of competition with other soil microorganisms; nitrogen concentrations are reduced by denitrification; synthetic organic compounds are adsorbed and/or biodegraded; and phosphorous, fluoride, and heavy metals are adsorbed, precipitated, or otherwise immobilized. Thus, soil-aquifer treatment can be an important step in the treatment of recharged stormwater. Most soil-aquifer treatment processes take place in the upper part of the vadose zone where soils generally are finer and have a greater organic matter content than in the aquifer.
Rainwater Runoff Estimation for Mitigation of Inundation and Design of Recharge Wells
Rainwater runoff estimation is the key point for implementation of a RWH recharge well. This was done by collecting and analyzing of the following data. Collection of annual maximum daily rainfall data of Lahore for performing frequency analysis and estimating daily maximum rainfall of desired return periods. ii.
Estimation of the catchment area of ponding site. iii.
Peak runoff estimation for 2-year rainfall frequency.
The annual maximum daily rainfall data of Lahore spanning over 58 years from 1957 to 2014 was collected for estimation of rainfall-runoff (Figure 8 ). The rainfall data showed that the daily maximum rainfall ranges from 29 to 211 mm with an average value of 80 mm. This data was used for estimating the runoff peaks resulting from daily rainfall of desired frequency.
heavy metals are adsorbed, precipitated, or otherwise immobilized. Thus, soil-aquifer treatment can be an important step in the treatment of recharged stormwater. Most soil-aquifer treatment processes take place in the upper part of the vadose zone where soils generally are finer and have a greater organic matter content than in the aquifer.
Rainwater runoff estimation for mitigation of inundation and design of recharge wells
Rainwater runoff estimation is the key point for implementation of a RWH recharge well. This was done by collecting and analyzing of the following data.
i. Collection of annual maximum daily rainfall data of Lahore for performing frequency analysis and estimating daily maximum rainfall of desired return periods. ii. Estimation of the catchment area of ponding site. iii. Peak runoff estimation for 2-year rainfall frequency. The annual maximum daily rainfall data of Lahore spanning over 58 years from 1957 to 2014 was collected for estimation of rainfall-runoff (Figure 8 ). The rainfall data showed that the daily maximum rainfall ranges from 29 to 211 mm with an average value of 80 mm. This data was used for estimating the runoff peaks resulting from daily rainfall of desired frequency. Frequency analysis of annual maximum daily rainfall data of Lahore was carried out for estimation of 2-year, 5-year, and 10-year frequency rainfall by using Gumbel Extreme Value distribution. The results of frequency analysis are given below.
i.
2-year maximum daily rainfall = 83 mm (3.3 inches). ii.
5-year maximum daily rainfall = 103 mm (4.1 inches). iii.
10-year maximum daily rainfall = 149 mm (5.86 inches).
The catchment area of Gaddafi Stadium ponding site was demarcated using Google Earth as shown in Figure 9 . The total catchment area is 0.022 km 2 (5.43 ac) and consists of main Gaddafi Stadium road and Hafeez Kardar road. Peak runoff estimation was done using the US-SCS Curve Number Method. The storm rainfall of 2-year frequency was used as input and characteristics of the catchment area such as composite curve number based on landcover (CN = 74) and the soil hydrological group D were selected for runoff estimation. The time of concentration (Tc) = 10 min was used to find the intensity of rainfall (3.75 in/h) for the 2-year design return period from intensity duration frequency (IDF) curve as shown in Figure 10 Peak runoff estimation was done using the US-SCS Curve Number Method. The storm rainfall of 2-year frequency was used as input and characteristics of the catchment area such as composite curve number based on landcover (CN = 74) and the soil hydrological group D were selected for runoff estimation. The time of concentration (Tc) = 10 min was used to find the intensity of rainfall (3.75 in/h) for the 2-year design return period from intensity duration frequency (IDF) curve as shown in Figure 10 . The total runoff volume collected at the ponding site is 616.2 m 3 (0.5 ac-ft). Considering the drainage factor of 0.5 with other losses, the runoff volume that could be harvested using a recharge well is 0.25 ac-ft.
Estimation of required recharge wells and ponding area clearance time
Recharging flow (Qr) by constant head recharge in bore well is calculated by using the following equation: Peak runoff estimation was done using the US-SCS Curve Number Method. The storm rainfall of 2-year frequency was used as input and characteristics of the catchment area such as composite curve number based on landcover (CN = 74) and the soil hydrological group D were selected for runoff estimation. The time of concentration (Tc) = 10 min was used to find the intensity of rainfall (3.75 in/h) for the 2-year design return period from intensity duration frequency (IDF) curve as shown in Figure 10 . The total runoff volume collected at the ponding site is 616.2 m 3 (0.5 ac-ft). Considering the drainage factor of 0.5 with other losses, the runoff volume that could be harvested using a recharge well is 0.25 ac-ft.
Recharging flow (Qr) by constant head recharge in bore well is calculated by using the following equation: 5  15  25  35  45  55  65  75  85  95  105  115  125  135  145  155  165  175  185  195  205  215  225  235  245  255  265  275  285  295  305  315  325  335  345  355 The total runoff volume collected at the ponding site is 616.2 m 3 (0.5 ac-ft). Considering the drainage factor of 0.5 with other losses, the runoff volume that could be harvested using a recharge well is 0.25 ac-ft.
Estimation of Required Recharge Wells and Ponding Area Clearance Time
Recharging flow (Qr) by constant head recharge in bore well is calculated by using the following equation: The hydraulic conductivity value was taken from Lahore Water Supply, Sewerage and Drainage Master Plan-2040 (by WASA and LDA Lahore) as shown in Figure 11 . 
where, Qr = Recharge rate (m 3 /h); V = Runoff volume (m 3 ), and T = Clearance time (h). Based on recharge rate and runoff volume of 2-year frequency, the calculated clearance time and No. of required wells for 6-h detention period are given in Table 4 . An experimental setup was installed to check out the efficiency of media filter used in the construction of recharge wells for infiltration purposes, as shown in Figure 12 . The filter media consist of a 12-inch layer of boulders (size range = 15-25 mm), and a 6-inch layer of coarse and fine aggregate having size ranges of 8-12 mm and 6-8 mm, respectively. The ponding area runoff clearance time was calculated based on the flow rate formula.
where, Qr = Recharge rate (m 3 /h); V = Runoff volume (m 3 ), and T = Clearance time (h). Based on recharge rate and runoff volume of 2-year frequency, the calculated clearance time and No. of required wells for 6-h detention period are given in Table 4 . 
Design and Construction of Filter Media
An experimental setup was installed to check out the efficiency of media filter used in the construction of recharge wells for infiltration purposes, as shown in Figure 12 The collected rainwater samples before and after passing the filter media were analyzed based on turbidity, pH, Total Suspended Solids (TSS), calcium, magnesium, and total hardness. The efficiency of filter media was assessed in terms of percent removal of the aforementioned parameter before and after the filter media passing. The removal efficiency of media filter has the following range: 90%-95% (TSS), 40%-52% (Calcium), 40%-50% (Magnesium), 35%-40% (Alkalinity), 45% (Total Hardness), as shown in Figure 13 . It was observed that pH value increased after filtration which might be due to the dissolution of anions from the packing materials. The collected rainwater samples before and after passing the filter media were analyzed based on turbidity, pH, Total Suspended Solids (TSS), calcium, magnesium, and total hardness. The efficiency of filter media was assessed in terms of percent removal of the aforementioned parameter before and after the filter media passing. The removal efficiency of media filter has the following range: 90%-95% (TSS), 40%-52% (Calcium), 40%-50% (Magnesium), 35%-40% (Alkalinity), 45% (Total Hardness), as shown in Figure 13 . It was observed that pH value increased after filtration which might be due to the dissolution of anions from the packing materials. The collected rainwater samples before and after passing the filter media were analyzed based on turbidity, pH, Total Suspended Solids (TSS), calcium, magnesium, and total hardness. The efficiency of filter media was assessed in terms of percent removal of the aforementioned parameter before and after the filter media passing. The removal efficiency of media filter has the following range: 90%-95% (TSS), 40%-52% (Calcium), 40%-50% (Magnesium), 35%-40% (Alkalinity), 45% (Total Hardness), as shown in Figure 13 . It was observed that pH value increased after filtration which might be due to the dissolution of anions from the packing materials. The designing of recharge well was done based on three key points i.e., the design should be according to location and available space, the drawdown of standing water into the groundwater table should be as rapid as possible. Moreover, the involvement of impurities in the recharging of groundwater needs to be minimized. The design approach works on the principle that surface water runoff flows into an underground tank that is 6 ft deep and 9 ft wide. This tank is equipped with a 2 ft deep coarse filter mechanism to avoid debris, clay, or any other choking material. The horizontal filtration mechanism provides silt and clay free water to recharge the groundwater. The water will get drained into groundwater due to head difference. In this way, the inflow rate will approximately be equal to recharge rate. The typical design with all specifications is shown in Figure 14 
Design and Construction of Recharge Well
The designing of recharge well was done based on three key points i.e., the design should be according to location and available space, the drawdown of standing water into the groundwater table should be as rapid as possible. Moreover, the involvement of impurities in the recharging of groundwater needs to be minimized. The design approach works on the principle that surface water runoff flows into an underground tank that is 6 ft deep and 9 ft wide. This tank is equipped with a 2 ft deep coarse filter mechanism to avoid debris, clay, or any other choking material. The horizontal filtration mechanism provides silt and clay free water to recharge the groundwater. The water will get drained into groundwater due to head difference. In this way, the inflow rate will approximately be equal to recharge rate. The typical design with all specifications is shown in Figure 14 .
This design is used in that location where the flow of traffic is minimum and there is no obstruction to any flow of life. The advantages of this design are that the groundwater recharge rate is high as water flowing in from the surface and drains down into the groundwater rapidly. Hence, the inflow rate will approximately be equal to recharge rate and the design structure is simple to construct and easy to maintain. While, the disadvantages of this design are that the heavy metals will face little hindrance in making their way to the underground water storage, resulting in contamination of water. Heavy metals like arsenic (III and V), lead, mercury, and cadmium are injurious to health and the filtration material requires periodic cleaning to keep the filtration process efficient.
The suitability of this design approach for recharging of groundwater table became more favorable by adopting the following water quality measures in design. (i) The length of borehole pipe was kept 5 ft above the water table because the soil is a natural filter material which purifies the rainwater before entering into the groundwater. (ii) The silt trapper structures known as settlement chambers were provided where suitable and necessary with the recharge chamber. These settlement chambers were used to remove silt and other floating impurities from rainwater. Additionally, in the case of excess rainfall, the recharging rate of bore wells may not match with the rate of rainfall. In such situations, these chambers hold the excess amount of water till it is soaked up by the recharge structure. Thus, the settlement chamber acts as a buffer in the system.
Cost Estimation and Construction of Recharge Wells
Two recharge wells were constructed according to the above-mentioned design for rainwater harvesting in Gaddafi Stadium by LDA Lahore under the rainwater harvesting project. The layout view of recharge wells is shown in Figure 15 . groundwater needs to be minimized. The design approach works on the principle that surface water runoff flows into an underground tank that is 6 ft deep and 9 ft wide. This tank is equipped with a 2 ft deep coarse filter mechanism to avoid debris, clay, or any other choking material. The horizontal filtration mechanism provides silt and clay free water to recharge the groundwater. The water will get drained into groundwater due to head difference. In this way, the inflow rate will approximately be equal to recharge rate. The typical design with all specifications is shown in Figure 14 . This design is used in that location where the flow of traffic is minimum and there is no obstruction to any flow of life. The advantages of this design are that the groundwater recharge rate is high as water flowing in from the surface and drains down into the groundwater rapidly. Hence, the inflow rate will approximately be equal to recharge rate and the design structure is simple to construct and easy to maintain. While, the disadvantages of this design are that the heavy metals will face little hindrance in making their way to the underground water storage, resulting in contamination of water. Heavy metals like arsenic (III and V), lead, mercury, and cadmium are injurious to health and the filtration material requires periodic cleaning to keep the filtration process efficient.
Cost estimation and construction of recharge wells
Two recharge wells were constructed according to the above-mentioned design for rainwater harvesting in Gaddafi Stadium by LDA Lahore under the rainwater harvesting project. The layout view of recharge wells is shown in Figure 15 . The cost estimation and analysis of a single recharge well was performed to put more perspective into the potential viability of implementing such systems on a city-wide scale. The cost of a typical underground storage chamber/recharge well was estimated as Pakistani Rupees (PKR) The cost estimation and analysis of a single recharge well was performed to put more perspective into the potential viability of implementing such systems on a city-wide scale. The cost of a typical underground storage chamber/recharge well was estimated as Pakistani Rupees (PKR) 0.738 million. The cost breakthrough of elements include in RWH structure are given below (Table 5 ). 
Performance Evaluation of Recharge Wells (Post Harvesting)
The performance of recharge wells was evaluated in terms of recharge rate and post-harvesting water quality. During the rainfall record event on 22 May, 2015, it was observed that after 10 min of rainfall, the water started flowing toward the recharge wells. Initially, the recharge rate was slow due to less rainfall but with time as the intensity of rainfall increased the recharge rate increased and reached its designed rate. The performance of the wells was satisfactory, and it was observed that both recharge wells cleared the ponding volume within 3 to 3.5 h after the rainfall stopped. On the second day after the rainfall event, the condition of recharge wells and the ponding site was investigated. It was observed that the settling chambers were covered with leaves, plastic bags, and loose materials intermixed with clay and silt. The main chambers were safe due to Reinforced Cement Concrete (RCC) slab. These observations indicated that the operation and maintenance of recharge chambers is necessary for proper infiltration of rainwater. With the passage of time, the recharge rate of recharge wells may decrease due to clogging inside the well. Therefore, development of the well by surging, jetting, or any other conventional well development technique is necessary to restore the recharge rate before every monsoon period.
After the monsoon period of year 2015, the water quality samples from both wells were collected and send to PCRWR Scientific Laboratory for the analysis of Physico-Aesthetic Chemical and Microbiological parameters. The comparative water quality results of pre-and post-harvesting are given in Table 6 . Table 6 . Pre-and post-harvesting water quality comparison of the Gaddafi Stadium ponding site. The testing results of samples showed that all the parameters are within the permissible limit against different standards but the highlighted parameters (Total Coliform and E. Coli) are under the prescribed standard. Additionally, the BOD value is under the below detectable limit which means its value is less than 5 ppm or equal to zero after harvesting the rainwater which indicated the efficiency of the filter media. Drinking water, however, was assessed by TDS (should be less than 600 ppm) and coliform count indicated the presence of sewage. In such a case, the use of chlorine or other suitable material such as charcoal is recommended to shut up the signals. The filter media performance was favorable, and the percentage removal of contamination was about 25%-30% which gave recharging water within water quality standards.
Sr. No Water Quality Parameter
Conclusions and Recommendations
This study covered the surface rainwater-runoff harvesting system using the recharge well technique in the ponding area of Gaddafi Stadium Lahore along with rainwater harvesting potential from roads in Lahore city. The study aimed at using rainwater for recharging the groundwater table with the help of the local recharge well technique and to avoid the mixing of rainwater in municipal sewerage. It was estimated that almost 303.5 ac-ft volume of runoff from 43 critical ponding roads could be harvested. There is a huge potential of RWH and half of the volume after 50% drainage can be recharged using recharge wells. With that ratio of recharge, the groundwater level can rise to 3.54 ft after every monsoon period, which is a key to groundwater sustainability in Lahore city. The performance of the wells was satisfactory, and it was observed that both recharge wells cleared the ponding volume within 3 to 3.5 h after rainfall stopped in Gaddafi Stadium. The filter media performance was also favorable, and the percentage removal of contamination was about 25%-30% which gives recharging water within water quality standards except for coliform count that indicated the presence of sewage. In such a case, the use of chlorine or other suitable material is recommended to shut up the coliform signals. Further, grassed drains and/or small bio-retention basins are recommended to prevent contamination of the rainwater-runoff from heavy metals. These measures could be installed prior to runoff entering the groundwater chamber to assist in the treatment of heavy metals. With time, the recharge rate of recharge wells may decrease due to clogging inside the well. Therefore, development of the well by surging, jetting, or any other conventional well development technique is necessary to restore the recharge rate before every monsoon period. The regular operation and maintenance of recharge chambers is necessary for proper infiltration of rainwater. This technique is suitable for artificial recharge of groundwater and should be implemented on critical ponding sites in the urban area of Lahore for freshwater sustainable development. 
